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Membrane proteinMyelin basic protein (MBP), particularly the classic 18.5-kDa isoform, is a major structural protein of the my-
elin sheath of the central nervous system. It is an intrinsically disordered, peripheral membrane protein that
shows structural polymorphism in combination with several overlapping interaction sites. Here, double
electron–electron resonance (DEER) spectroscopy, in combination with a simpliﬁed, semi-quantitative
analysis based on Monte Carlo simulations, is used to determine the distance distribution of murine 18.5-
kDa MBP, unmodiﬁed charge component-C1, on large unilamellar vesicles of a lipid composition mimicking
the cytoplasmic leaﬂet of myelin. Three singly spin-labeled MBP variants and a mixture of singly-labeled
MBP variants are used. TheMBPs, each bearing only one spin label, exhibit average intermolecular distances
that are signiﬁcantly shorter than the distances expected when assuming a random distribution at the
employed lipid-to-protein ratios, indicating self-assembly on the membrane. The distribution of elliptical
pervaded areas (hard ellipses) on a two-dimensional surface can serve as a model of the nonspeciﬁc self-
assembly process. The corresponding pair correlation functions g(r) are determined from Monte Carlo simula-
tions with variation of various parameters such as the ellipses' aspect ratios. Comparing the g(r) values with
the DEER-derived distance distributions, the pervaded volume is best characterized by a nearly elliptical projec-
tion onto the membrane, with an aspect ratio of approximately 1.5, and with the longer semi-axis of approxi-
mately 1.4 nm. The approach of using local information from DEER with low-resolution models derived from
Monte Carlo simulations can be applied to study the lateral self-assembly properties of other protein complexes
on membranes.
© 2012 Elsevier B.V. All rights reserved.1. Introduction
Myelin basic protein (MBP) is a prominent representative of in-
trinsically disordered proteins, i.e., proteins that lack an ordered and
stable tertiary structure, at least in part, and whose inherent ﬂexibil-
ity allows them to interact with a variety of binding partners and to
be multifunctional, e.g., as hubs in signaling networks [1–7]. Along
with the transmembrane proteolipid protein, MBP (primarily the
classic 18.5-kDa splice isoform) represents one of the most abundantelectron–electron resonance;
hosphatidylglycerol; EPR, elec-
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l rights reserved.proteins assembling the myelin sheath, the dielectric insulation
surrounding axons of the adult central nervous system of higher ver-
tebrates [8,9]. With a diameter of up to 50 μm, a length of up to 750 μm
between nodes, and a lipid content of ~70% by dry weight, the myelin
sheath facilitates the rapid transmission of nervous signals. Structural
aberrations of this complex, multilamellar arrangement of lipids and
proteins can lead to impairment of nerve conduction in the central
nervous system, and are involved in neurodegenerative diseases
like multiple sclerosis (MS) [10,11].
As a peripheral membrane protein, MBP acts primarily as a “molec-
ular glue” and contributes signiﬁcantly to the overall stability and in-
tegrity of the compacted multilamellar structure of the myelin
sheath by interconnecting individual membranes, in addition to
many other functions in cytoskeletal assembly and signaling [3,4,12].
Themolecular details of howMBPmolecules interact with the lipid bi-
layer and with each other within the sheath are still unknown. In this
context, self-assembly of MBP [13–16] and speciﬁc, additional interac-
tions with divalent metal ions like Zn2+ and Cu2+ have been dis-
cussed [17–22]. Optical waveguide light-mode spectroscopy has
indicated clustering of MBP on artiﬁcial myelin membranes [23]. Cell
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suggested the idea of MBP forming a “molecular sieve” on the myelin
membrane, implying already the formation of a two-dimensional net-
work of the protein [24,25]. Other intrinsically disordered proteins,
such as tau, have also been described to self-assemble on lipid bila-
yers, a phenomenon due in part to charge screening and increasing
the local concentration [26].
Efforts to crystallize MBP in stable and pure three-dimensional crys-
tals for structural determination have been unsuccessful [2,27], and it
was realized in the last decade that MBP is intrinsically disordered, con-
formationally adaptable to diverse binding surfaces and protein partners,
and structurally polymorphic even in bound form [4–6]. Less is known
about inter-protein interactions within myelin, although it has been
investigated for some time [28–30]. Cryo-transmission electron micro-
scopic (TEM) studies of two-dimensional arrays of hexahistidine-
tagged MBP on artiﬁcial lipid monolayers revealed structures with a di-
ameter of about 3 nm–4 nm, and lamellar-like arrangements featuring
characteristic 4.8 nm repeats [2,31–33]. This method features a charac-
teristic resolution of several nanometers, or requires the existence of in-
termediate to long-range order. Thus, only a rough estimate of the
dimensions of MBP (or its quaternary assemblies) could be achieved. Re-
constitution of MBP with large unilamellar lipid vesicles (LUVs) under
physiological buffer conditions yields an assembly closely mimicking
the natural environment of the myelin sheath, where natural lipid–
protein electrostatic and hydrophobic interactions are retained. Our
solid-state EPR (electron paramagnetic resonance) and NMR spectro-
scopic studies have provided further information on membrane-
interacting amphipathicα-helical segments, aswell as onmobile regions
(Fig. 1) [4–6,34–39].
With our present knowledge, we have depicted schematic models
of adhesion in which the N-terminal and C-terminal segments of
18.5-kDa MBP interact with separate and apposed leaﬂets of the my-
elin membrane (see Fig. 8 in reference [38], and Fig. 1 in reference
[40]), in a major dense line of roughly 3 nm thickness. This idea is
presented in schematic form in Fig. 2A without imposing any detailed
tertiary structure of the protein. However, there may be further levels
of compaction leading to dynamic molten globule-like structures,
partly induced by zinc-binding [20,22,31,32]. Moreover, dimers haveFig. 1. Amino acid sequence of recombinant murine 18.5-kDa MBP C1-component (denoted
Cys-substitutions (S17C, H85C, S159C, indicated by arrows and green font), amphipathic α-h
in the membrane (blue lines), and regions found by ssNMR to be mobile and exposed to solu
moments [4] and have been observed by solution NMR spectroscopy to exist in membrane-
teract with myelin-mimetic membranes by site-directed spin labeling and CW-EPR spectro
spectroscopy [40,67].long been suggested to be the form which adheres membranes
(Fig. 2B). MBP has been cross-linked in the dimeric form in myelin
and further analysis indicated that the dimers were anti-parallel
[28,29]. We contend, however, that the monomeric form of 18.5-
kDa MBP is sufﬁcient to hold together two membrane leaﬂets
(Fig. 2C) [41,42]. We have observed lateral self-assembly of the pro-
tein on lipid monolayers [31–33], and hexameric assemblies have
been suggested under some in vitro conditions [15,16,30]. It has
thus been proposed that myelin membrane adhesion is facilitated
by MBP–MBP interactions, which can be either lateral (on the same
membrane surface) or between two MBP molecules, each adhering
to a different membrane leaﬂet [13,14,24,25,28]. Thus, two major fea-
tures of 18.5-kDa MBP within myelin remain to be determined: the
protein's overall three-dimensional shape, and its degree of self-
association. Two potential scenarios of lateral two-dimensional as-
sembly are depicted in Fig. 2D and E.
Electron paramagnetic resonance spectroscopy on spin labels intro-
duced via site-directed spin labeling (SDSL) is a powerful method for
the characterization of unstructured (or only partly structured) macro-
molecular systems. This can be achieved by probing the local environ-
ment of spin probes, the dipolar couplings between them, and the
hyperﬁne interactions with nuclear spins within their surroundings.
Spin labels like the commonly used methanethiosulfonate have been
shown to have negligible perturbations even onwell-structured proteins
[43,44], and would be expected to have minimal effects on the dynamic
and “fuzzy” conformation of intrinsically disordered proteins such as
MBP [5,6,34,35,45]. The advantage of EPR spectroscopic methods is that
they do not require long- or intermediate-range order, and can charac-
terize intra- and intermolecular interactions on a length scale up to
~8 nm, and on the picosecond to microsecond time scale of rotational
reorientation [46,47].With sophisticatedmethods of pulse EPR spectros-
copy, an evenmore detailed study is possible than by themore common
continuous-wave (CW) EPR approaches. Here, we present results from
electron spin echo-detected (ESE) EPR and nanoscale distance measure-
ments using double electron–electron resonance (DEER) [48,49]. The
combination of the pulse-EPR results (especially the distance informa-
tion obtained fromDEER), withMonte Carlo (MC) simulations of the dis-
tribution of physical objects on a two-dimensional surface, is used here tormC1, 176 residues including the C-terminal LEH6 tag) showing the locations of single
elices (indicated by cartoons), regions found by ssNMR spectroscopy to be immobilized
tion (red lines) [6,34,35,37,38,42]. The amphipathic α-helices show strong hydrophobic
mimetic conditions [37]; the central and C-terminal helices have been conﬁrmed to in-
scopy [35,36,38], with further experimental evidence provided by solution and ssNMR
Fig. 2. Diverse scenarios for the arrangement of 18.5-kDa within myelin, between the
cytoplasmic leaﬂets of the oligodendrocyte membrane, forming the major dense line.
(A) Considerable experimental evidence exists to indicate that the N- and C-terminal
halves of 18.5-kDa MBP can interact independently with membranes. Here, we depict
a minimal hairpin structure of the protein with each half interacting with apposing cy-
toplasmic leaﬂets to form the major dense line. (B) Depiction of an alternative arrange-
ment in which dimers of MBP interact across the major dense line. (C) Comparative
depiction of the monomeric arrangement as in panel A. (D, E) Scenarios of lateral
(two-dimensional) assembly of 18.5-kDa MBP on the membrane surface, either as an
arrangement of monomers (D) or an arrangement of dimers (E), here shown anti-
parallel. All of these scenarios had to be considered in this study.
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membranes.
We focus on the unmodiﬁed 18.5-kDa recombinant murine MBP
(rmMBP), particularly the unmodiﬁed charge component rmC1 with
a net positive charge of +19 at neutral pH. In healthy adult human
myelin, the corresponding C1 charge component of the 18.5-kDa
splice isoform (almost identical in sequence to the murine 18.5-kDa
protein) predominates, and the rmC1 protein used here thus serves
as an excellent model system [31]. We ﬁrst present the EPR spectro-
scopic results on recombinant murine 18.5-kDa MBP rmC1 that was
site-directedly spin-labeled at three different amino acid positions
along the protein sequence (S17C, H85C, and S159C, referring to the
168-residue murine 18.5-kDa sequence numbering—see Fig. 1) to de-
tect inter-protein distances between the spin-labeled sites [34]. We
will henceforth refer to the spin-labeled proteins simply by thevariant label, e.g., S17C refers to rmC1 spin-labeled at residue Ser17.
In addition, we studied a set of samples (denoted S17C/S159C) that
combined S17C and S159C in a 1:1 manner. All rmC1 variants and the
S17C/S159 mixture were reconstituted in large unilamellar vesicles
(LUVs) of physiological myelin lipid composition. We then discuss
these results in light of MC simulations and suggest a model of lateral
MBP self-assembly on the membrane.
2. Materials and methods
2.1. Sample preparation
The hexahistidine-tagged, recombinant 18.5-kDa murine MBP iso-
form C1 (rmMBP, or rmC1) with single Cys substitutions close to the
N-terminus at position Ser17 (variant S17C), at position His85 (H85C),
and close to the C-terminus at position Ser159 (S159C) was prepared,
spin-labeled with [1-oxyl-2,2,5,5-tetramethyl-D-pyrroline-3-methyl]
methanethiosulfonate (MTS-SL; Toronto Research Chemicals, Toronto),
puriﬁed and dialyzed against buffer (10 mM NaCl in 20 mM HEPES–
NaOH, pH7.4) as previously described [34,35]. The puriﬁed protein sam-
ples (S17C, H85C, or S159C) were frozen and stored for further use.
For reconstitution, large unilamellar vesicles (LUVs) with a lipid
composition similar to that of the cytoplasmic monolayer of myelin
(Cyt-LUVs; cholesterol, porcine brain phosphatidylethanolamine,
porcine brain phosphatidylserine, egg phosphatidylcholine, porcine
brain sphingomyelin, bovine liver phosphatidylinositol at a mole
ratio of 44:27:13:11:3:2) were prepared by extrusion. The lipids
were purchased from Avanti Polar Lipids (Alabaster, AL) and com-
bined in chloroform. The solvent was evaporated under a stream of
nitrogen, followed by lyophilization overnight. The dry lipid ﬁlm
was dispersed in 20 mM HEPES–NaOH, 10 mM NaCl, pH 7.4 (ionic
strength: 17 mM) and extruded through a 100-nm pore polycar-
bonate membrane as described earlier [34]. Spin-labeled rmC1 was
reconstituted in Cyt-LUVs at a lipid-to-protein mole ratio (LPR) of
376:1 and 567:1.
In addition, multilamellar vesicles (MLVs) were prepared from dis-
tearoylphosphatidylglycerol (DSPG) and distearoylphosphatidylcholine
(DSPC) (purchased from Avanti Polar Lipids) at a mole ratio of 15:85, by
dispersion in 20mM HEPES–NaOH, 10mM NaCl, pH 7.4 by repeated
vortexing and heating in a warm water bath at 60 °C, a temperature
above the lipid phase transition temperature. Spin-labeled rmC1 was
added at an LPR of 567:1.
The samples were gently mixed by inversion, and left at room tem-
perature for 15 min. Below, we refer to samples employing LUVs at an
LPR of 567:1 and 378:1 as LUV567:1 and LUV378:1, respectively. In addi-
tion to LUVs containing the individual variants, one LUV sample con-
taining an equimolar mixture of S17C and S159C was prepared with
an LPR of 567:1. The lipid–protein suspension was sedimented by cen-
trifugation in a bench-top centrifuge at 9750 g for 15 min at 4 °C, and
the wet pellet was transferred into home-made quartz capillaries
(outer diameter: 3 mm, inner diameter: 2 mm, sealed at one end),
which were centrifuged at 2750 g for 2 min to concentrate the pellet
at the bottom of the tube, shock-frozen in an ethanol/dry ice bath, and
kept frozen until and during measurement of low-temperature EPR
spectra. The ﬁnal protein and spin concentration amounted to approxi-
mately 0.2 mM. Combining the three types of vesicles (LUV567:1,
LUV378:1, MLV) with the four spin-labeled rmC1 preparations (S17C,
H85C, S159C, S17C/S159C) yielded a versatile experimental system to
obtain EPR data characteristic of a broad range of scenarios of possible
MBP structures and supramolecular assemblies.
2.2. Continuous-wave (CW) EPR spectroscopy
The CW-EPR spectra at X-band (microwave frequency ~9.4 GHz)
were recorded at 77 K using a MiniScope MS200 spectrometer
with a TE102 rectangular resonator, an HO2 temperature controller
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quency counter Model 3200 (XL-Microwave Inc., Oakland, CA). Themea-
surements were performed by inserting the sample tube into a Dewar
ﬂask ﬁlled with liquid nitrogen, which was inserted into the resonator
of the spectrometer. It was ensured that the typical microwave power
of 10 mW that was applied during the measurements did not result in
saturation broadening of the EPR spectra. The modulation amplitude
was set to about 1/5th of the line width of the central line of the EPR
spectrum. The sweep width was 12 mT. Spectra were detected with
4096 data points and a scan time of 60 s. The number of averaged
scans was adjusted individually depending on signal intensity.2.3. Pulse EPR spectroscopy
The X-band (microwave frequency~9.3 GHz) pulse-EPR measure-
ments were performed on a Bruker Elexsys 580 EPR spectrometer
with a 3 mm Flexline split-ring resonator (Bruker Biospin GmbH,
Karlsruhe, Germany). The resonator was over-coupled to Q~100.
Typical measurements were performed at 50 K or 20 K, maintained
by a closed-cycle cryostat customized for CW- and pulse-EPR
(ARS AF204, ARS, Macungie, PA), and controlled by a Lake Shore
Cryotronics temperature controller (Westerville, OH). The 3-mmquartz
capillaries containing the frozen sample volume were inserted into the
resonator at 50 K. During the whole measuring process, samples
were maintained in the frozen state after freeze-quenching. The fol-
lowing pulse-EPR experiments were performed: electron-spin-echo
(ESE)-detected measurements, nanoscale distance measurements
using double electron–electron resonance (DEER), and measure-
ments of the dependence of the phase relaxation time on the ﬂip
angle. All experiments are explained in detail in the Supplementary
data.2.4. Molecular dynamics (MD) simulations
Molecular dynamics simulations were conducted using YASARA
software [50]. It was convenient here to generate the initial confor-
mation from a three-dimensional model of human 18.5-kDa MBP de-
rived by a previous cryo-transmission electron microscopy and
homology study (PDB ID: 1QCL) [51,52]. The primary structure was
adapted to mirror that of the rmC1 studied here, and a leucine-
glutamate-linked hexahistidine tag was added at the C-terminus
(Fig. 1, and Fig. S1 in the Supplementary data). The necessary re-
splicing operations and side-chain modiﬁcations were carried out
preserving the backbone structure as far as possible. The AMBER 03
force ﬁeld was employed with periodic boundary conditions [53].
Non-bonded interactions were cut off at 10.5 Å. Long-range Coulom-
bic interactions were treated by a smoothed particle-mesh Ewald
method [54]. The protonation state of the residues, in particular of
the histidyl residues, was chosen to reﬂect the pH (7.4) of the samples
[55]. The model structure was subject to energy minimization in vac-
uum, solvated by 0.9 wt.% brine (35,795 water molecules, 85 Na+,
110 Cl−), and again minimized (the steepest descent minimization
followed by simulated annealing). Eventually, an MD trajectory of
22.0 ns length was accumulated, the last 15.6 ns of which were used
to evaluate averages. The chosen time increment was 1 fs. Inter-
molecular forces were recalculated at every second simulation sub-
step. Snapshots were recorded every 25 ps. Temperature rescaling
was employed with a set-temperature of 298 K. The box dimensions
(cubic of approximately 103 Å side-length) were controlled so as to
yield a solvent density of 0.997 g/mL. We did not intend to establish
a deﬁnite tertiary structure using the MD simulations. Instead, this
modeling process served the purpose of establishing a rough estimate
of the ﬂexibility and compactness of 18.5-kDa MBP with the aim of
judging its modus of self-assembly.2.5. Monte Carlo simulations of hard ellipse systems
Systems of hard ellipses on the plane can serve as models for the
distribution of colloidal particles on surfaces, or of peripheral mem-
brane proteins on membranes, provided that no speciﬁc interaction
sites dominate mutual association (e.g., [56]). We determined the ra-
dial distribution function associated with selected reference points
within the ellipses using the Markov chain Monte Carlo approach
[57]. We worked in the micro-canonical ensemble with periodic
boundary conditions. The ensembles typically comprised 120 identi-
cal ellipses enclosed by a quadratic box compatible with the desired
packing fraction, η, i.e., the area of all particles in the packing divided
by the total area. At each step of the Monte Carlo calculation (also re-
ferred to as MC sweep), we sequentially moved all the ellipses at ran-
dom. Each of these trails consisted of moving the center within a
square of side length 2Δr and the polar angle deﬁning the orientation
of the major axis within [−Δφ, +Δφ]. For each trail, the newly-
generated conﬁguration was accepted if no overlap of adjacent ellip-
ses occurred. The overlap criterion developed by Vieillard-Baron was
used, which is an analytic test that reveals whether two ellipses inter-
sect [58].
The step sizes, in the positional coordinates and in the angle spec-
ifying the direction, were generated from a uniform distribution such
that the acceptance ratio was approximately 0.5, ensuring the fastest
convergence. The absolute value of the maximal variation of the
angle, Δφ, amounted to min(sin−1(Δr /a), 45°) with “a” denoting
the semi-major axis length. The optimal step size was determined
at the beginning of each MC run using a golden-ratio search proce-
dure. For every second sweep, the conﬁguration was saved, thereby
improving the statistical independence of the analyzed conﬁgura-
tions. For ηb0.45, initial conﬁgurations were generated at random;
otherwise, a densely-packed conﬁguration was generated and then
equilibrated by 10,000 sweeps prior to commencing the sampling
procedure. The aspect ratio, i.e., the ratio of the semi-major and
semi-minor axis lengths α=a /b≥1, was varied between 1 and 3 in
steps of 0.5. Seven values for the packing fraction η in the range
from 0.3 to 0.7 were considered. For every value of α and η, 400,000
independent conﬁgurations were generated as a basis for the calcula-
tion of the pair correlation functions, g(r), associated with different
observation points.
To speed up the feasibility check, Verlet lists were used. Only the
close neighbors stored for every particle in these lists were tested by
the overlap criterion. The neighborhood lists were updated every sec-
ond sweep. Eventually, g(r) was evaluated for a number of observation
points, i.e., characteristic points within the ellipse corresponding to the
projected spin label location. The mutual distances were evaluated for
all conﬁgurations using periodic boundaries, binned to form histo-
grams, and normalized to yield g(r). Denoting the number of observed
distances in the interval [ri, ri+1] by ci, g(r) has been evaluated from







n−1ð Þm : ð1Þ
Here, ρ is the surface density, n is the number of ellipses, and m is
the number of MC conﬁgurations analyzed (with every single one
contributing n(n−1)/2 distances). We implemented the MC ap-
proach using a combination of Matlab and C-programming.
3. Results and discussion
3.1. EPR measurements on spin-labeled rmC1 reconstituted with
membrane vesicles
3.1.1. CW-EPR measurements
The CW-EPR measurements were ﬁrst performed with MBP spin-
labeled at different sites (Fig. 1), and reconstituted with membrane
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forth referred to as LUV567:1) and, to assess the effect of local spin
label concentration, at an LPR of 378:1 (LUV378:1). Furthermore,
CW-EPR spectra of MBP in DSPC/DSPG MLVs (LPR=567:1) were
recorded.
The CW-EPR spectra recorded at room temperature clearly show
that MBP is associated with the membrane. Fig. S2 shows spectra
obtained for free H85C in buffer solution and bound to LUV567:1.
Membrane binding results in a signiﬁcant slowdown of rotational
motion, and the accompanying increase in the average correlation
time of rotational diffusion, τR, evidenced by spectral broadening of
the characteristic three-line nitroxide spectrum. Assuming an axial
rotational motion of the probe with the main rotation axis tilted by
30° with respect to the molecular z-axis (which coincides with the
principal z-axis of g and A), spectral simulations gave a value of
τR=70 ps for unbound H85C. For S17C and S159C in LUV567:1,
τR≈1 ns. The strongest immobilization was detected for H85C in
LUV567:1: τR=1.3 ns, as previously observed [34]. Residue H85C is lo-
cated on the hydrophilic side of a membrane-anchoring, amphipathic
α-helix [35,36,40], whereas the other probes are atmoremobile termini
[6,34,38,42] (Fig. 1). Nonetheless, membrane association was clearly
evident for all probe locations. For the S17C and S159C variants, an
additional, minor spectral component was found, which corresponded
to a weakly immobilized, yet not freely diffusing, species.
Except for H85C in LUV378:1, the low-temperature CW-EPR spectra
(103 K) did not reveal signiﬁcant variations with the spin label position
for all three vesicle compositions (see Fig. 3, and Fig. S2). In particular,
the general spectral shape, peak positions, and signal widths coincided,
within experimental error, for all variants.
Simulation of the spectra [59] allowed extraction of the g- and hyper-
ﬁne parameters (see caption to Fig. 3). For LUV567:1 and LUV378:1 (except
for S17C), the following interaction parameters were obtained indepen-
dent of labeling position: gxx=2.0091, gyy=2.0053, gzz=2.0020, Axx=
14MHz, Ayy=15 MHz, and Azz=100.8 MHz. In MLVs, Azz=98.5 MHz
and all the other parameters were identical. For comparison, a sample
of H85C in buffer, i.e., without membrane vesicles, was prepared
(Fig. 3C). The same spin Hamiltonian parameters as above were found:
in particular, Azz=100.8 MHz, as for the LUV samples. For S17C, Azz=
100.0 MHz in LUV567:1 and Azz=97.0 MHz in MLVs were found.Fig. 3. The CW-EPR spectra of spin-labeled rmC1 in (A) LUVs at an LPR of 567:1
(T=103 K), (B) MLVs at an LPR of 567:1 (T=103 K), and (C) buffer solution
(T=77 K). All spectra are well-reproduced by simulations using gxx=2.0091,
gyy=2.0053, gzz=2.0020; Axx=13.6 MHz, Ayy=14.8 MHz, and variable Azz. For
panels A and C, Azz=100.8 MHz, (except for S17C for which Azz=100.0 MHz). For
panel B, Azz=97.9 MHz (except for S17C for which Azz=97.0 MHz). The spectra
were aligned at the maximum. The ﬁeld difference of the low-ﬁeld maximum and the
high-ﬁeld minimum corresponds approximately to 2 Azz. The value of Azz is markedly
smaller for MLVs than LUVs, for which it resembles the value found in buffer solution.
For the H85C variants, the spectral simulations are shown by green dotted lines.The Azz hyperﬁne tensor component of the 14N nucleus and the gxx
tensor component are sensitive probes for the polarity and proticity
of the microenvironment of the nitroxide side chain [60,61]. For
LUV567:1 and LUV378:1, the value of Azz suggests a polar environment
(Azz=103 MHz for free MTS-SL exposed to H2O), whereas the high
value of gxx was typical for a probe not strongly engaged in hydrogen
bonding. For S17C, the environment was slightly less polar for both
the LUVs and the MLVs. It is remarkable that the membrane associa-
tion did not alter the solvent accessibility of the probe, i.e., the same
polarity and H-bonding prevailed in LUVs and in free solution for
the H85C variant. Furthermore, increasing the surface concentration,
i.e., decreasing the LPR, did not result in a change in parameters,
again suggesting that the micro-environment was unaltered. Appar-
ently, the self-assembly state was thus either independent of surface
concentration, or the probes were distant from interaction sites, such
that the increased concentration of assemblies expected at larger sur-
face coverage did not alter the environment. We note that, unlike Azz,
the gxx-parameter could not be unequivocally determined at X-band
frequencies. Hence, we refrain from an interpretation of the high
values found here.
For the MLV samples, the value of Azz was markedly smaller,
suggesting that the spin-label micro-environment was signiﬁcantly
less polar (Fig. 3). This interpretation applies to all spin probe positions
in the samemanner, probably reﬂecting the change in bulk permittivity
rather than speciﬁc protein–membrane interactions. Addition of NaCl at
a concentration of 500 mM to samples of H85C in LUV378:1 did not give
rise to changes in the spin Hamiltonian parameters, indicating an
unaltered micro-environment (shown for H85C in Fig. S2). However,
the lines markedly broadened with an increased Lorentzian contribu-
tion to the line shape function, hinting at stronger dipolar broadening.
In any case, the spectral parameters did not indicate a signiﬁcantly
changed micro-environment, in particular the Azz-parameter, of the
probe.
3.1.2. ESE-detected EPR spectra
The ESE-detected EPR spectra were recorded at 20 K and 50 K. No
signiﬁcant temperature dependence was observed. It should be noted
that ESE-detected EPR and DEER requires shock-freezing of the sam-
ples to achieve a glassy state which directly reﬂects the ensemble
state at the glass transition temperature of the sample (which here
should be slightly lower than room temperature). In aqueous solu-
tions, one usually achieves this by addition of cryoprotectants; in
the case of our water-reduced vesicles, this is not necessary. Fig. 4 il-
lustrates typical spectra in LUV567:1. The spectra of MBP at higher sur-
face concentration (LUV378:1) and in MLVs are shown in Fig. S4. In
general, the ESE-EPR spectra showed more variation than the CW-EPR
spectra. This result is not unexpected, as the ESE-EPR spectra – in addi-
tion to the spin Hamiltonian parameters dominating the CW-EPR spec-
tra – dependmore strongly on factors like phase relaxation and nuclear
modulations. Yet, the same trends in dependence of lipid composition
were observed as for the CW-EPR spectra. The spectra recorded in
MLVs were signiﬁcantly narrower (by 0.25 mT) and, in addition,
exhibited a more prominent central peak. Furthermore, the spectrum
of H85C in LUV378:1 was broader at the base than those of the other
samples under the same conditions, suggesting slightly increased dipolar
broadening (Fig. S4).
We also found that thawing and re-freezing of samples of H85C in
LUVs gave rise to a reduction in the spectral width by approximately
0.1 mT, and ﬂattening of the left-shoulder regions (Fig. S4D). Dipolar
broadening can be described by the convolution of the uncoupled ref-
erence spectrum by a weighted sum of Pake patterns; for distances
smaller than 2 nm, this broadening is most easily observed in the
ﬂanks of the ESE-EPR spectra, which rise more slowly and exhibit
shoulders at the base [62].
Pulse-EPR methods can deliver data that can be analyzed in terms
of local spin concentrations (cID) and phase relaxation times (Tm). The
Fig. 4. Electron-spin-echo (ESE)-detected EPR spectra of spin-labeled rmC1 in LUVs at
an LPR of 567:1 (T=50 K). The spectra were normalized to equal amplitude. The posi-
tions corresponding to the pump frequency νp, and to the observer frequency νo, uti-
lized in the DEER experiment, are indicated.
Table 1b
Local spin concentrations, cID, determined by instantaneous diffusion measurements at
the maximum of the ESE-EPR spectrum (T=50 K).
LPR LUV567:1 LUV378:1 MLV
567:1 378:1 567:1
cID (mM)
S17C 2.6 2.8 1.8
H85C 2.2, 1.6 (rf) 2.8 1.8
S159C 2.2 – 1.4
S17C/S159C 2.6 3.0 1.5
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concentrations of the spin probes (Tables 1a and 1b), and are dis-
cussed further below in Sections 3.1.3 and 3.3 in conjunction with
the DEER results.
3.1.3. Distance distributions from DEER
The DEER measurements are central to obtaining structural infor-
mation about MBP attached to artiﬁcial membrane vesicles. The DEER
technique employs two separate microwave frequencies to examine
the (dipolar) coupling between two electron-spin packets of unlike
resonance frequency [63]. As there is a distinct r−3-dependence of
the dipolar coupling on the inter-spin distance, r, distance distribu-
tions, i.e., the probability density functions of the inter-spin distances,
p(r), can be reconstructed from the dipolar evolution. Under favor-
able conditions, the distance range from 1.5 to 8 nm is accessible.
The technique in general, and the 4-pulse, dead-time free variant uti-
lized here [64], are the subject ofmany review articles andmonographs
([48,65,66], and references therein).
Themaximum accessible distance is related to the inter-pulse delay,
τ2, between the π-pulses applied at the observer frequency. For the
membrane-associated MBP, we routinely employed τ2=1.5 μs (at a
temperature of 50 K or 20 K, and a 24 h measuring time). For two sam-
ples (S17C andH85C in LUV567:1 at 20 K), τ2=2.4 μs could be realized at
the expense of extending the measuring time to 96 h. Larger τ2 delays
could not be employed due to fast phase-relaxation processes. For the
labeling positions S17C and S159C in LUV567:1, these processes occur
at the maximum of the ESE-detected spectrum (to a large extent due to
instantaneous diffusion, as described in Section S1.3, with the character-
istic time Tm=550 ns (in comparison, Tm=610 ns for H85C; T=50 K)
(Tables 1a, 1b and 1c). Here, as a consequence of the limited observation
window, an optimistic estimate of the theoretically detectablemaximumTable 1a
Phase relaxation times, Tm, determined at the maximum of the ESE-EPR spectrum and,
in parentheses, at the low-ﬁeld shoulder shifted by−2.5 mT with respect to the max-
imum (T=50 K).
LPR LUV567:1 LUV378:1 MLV
567:1 378:1 567:1
Tm (ns)
S17C 530 (760) 470 (660) 640 (860)
H85C 610 (840) 560 (820) 800 (1160)
S159C 530 (720) – 800 (1020)
S17C/S159C 540 (800) 450 (630) 710 (920)distance yields approximately 5 nm.However, due to experimental noise
and ambiguities in correcting the DEER traces for the homogeneous dis-
tribution of background spins, the distances that can be assessed in prac-
tice are less than 4 nm. An underestimation of large distances has often
been attributed to too-short observation windows. Fortunately, the dis-
tance range accessible here is still sufﬁcient to probe the self-assembly
of MBP on membranes.
Fig. 5 displays representative background-corrected DEER time
trace and distance distributions p(r), for rmC1 in LUV567:1. In general,
the resulting time traces reveal no dominant oscillations. This result is
characteristic for broad distance distributions, for which the superpo-
sition of many dipolar evolution frequencies impedes the observation
of individual oscillations. Applying the Tikhonov procedure [65] re-
produces broad distance distributions, which for all samples except
for the H85C variants are bimodal (for the chosen regularization pa-
rameter). For the H85C variant, the distance distribution is tri-
modal within the accessible range (1.5 nm≤ r≤4 nm). Details of the
distance distribution are discussed below. For the S17C and H85C var-
iants, the effect of increasing τ2 on the distance distribution is also il-
lustrated in the inserts in Fig. 5. We observe an increase in the larger
distance centered around 3 nm, and a concomitant decrease of the
lower distances centered about 2 nm, as the observation window is
enlarged. These shifts in peak positions amount to 0.2–0.3 nm. The
modality of the distribution is preserved even though the peaks
vary in intensity. Although the signal-to-noise ratio decreases with
τ2, we expect the larger distances to be more reliable for τ2=2.4 μs.
Here, we will not draw conclusions that rely on the exact peak posi-
tions or peak heights. A rough estimate of the relevant distance
range is sufﬁcient for our purpose, as is shown below.
For the H85C variant, the distance distribution is more structured
and narrower than those of the S17C and S159C variants (Fig. 5, panel
B versus panels A and C). This observation is in agreement with our
MD simulations, which predict B-factors for the backbone of
13.9 nm2, 10.9 nm2, and 20.5 nm2 for the residues S17C, H85C, and
S159C, respectively. As the B-factor is proportional to the mean-
squared ﬂuctuation of the residue, these values suggest larger confor-
mational ﬂexibility of the region containing S17C, and especially
S159C compared to H85C. According to previous solid-state CW-EPR
and NMR data, the latter residue is positioned within an α-helical re-
gion partly immersed in the membrane [35,36,39,67], thus explaining
its relative rigidity. It is remarkable that the distance distribution ofTable 1c
Number of coupled spins, n, within the MBP assemblies as determined from the DEER
modulation depth. Data referring to thawed and refrozen samples are labeled by “rf”.
LPR LUV567:1 LUV378:1 MLV
567:1 378:1 567:1
n
S17C 1.68 1.8 1.8
H85C 1.88, 1.3 (rf) 2.3 1.5
S159C 1.63 1.75 1.7
S17C/S159C 1.81 2.2, 1.6
Fig. 5. Background-corrected DEER time traces (left) and distance distributions (right)
of singly spin-labeled rmC1 adsorbed to LUVs at an LPR of 567:1. The spin-label posi-
tions are from top to bottom: (A) S17C, (B) H85C, (C) S159C, and (D) S17C and
S159C as an equimolar mixture of mono-labeled MBPs. In panel C, the original dipolar
evolution is shown next to the background-corrected time trace in the insert (experi-
mental data as a black line; the background signal is shown as a green solid line). In
panels A and B, inserts give the dipolar evolution for an extended time window
(τ2=2.4 μs), which is accessible by extensive measurements (96 h) at 20 K. The gray,
dashed lines in the distance distributions of panels A and B were reconstructed from
these long-time measurements. The other distance distributions rely on τ2=1.6 μs.
In panel D, the distance distributions drawn in black and solid-gray lines have been cal-
culated using regularization parameters of 10 and 100, respectively. For all the other
data sets, a regularization parameter of 100 was used.
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iant alone.
The average number of spins nwithin the accessible distance range
can be derived from the (calibrated) modulation depth, the amount by
which the background-corrected dipolar evolution traces decays after
long times (cf., Fig. 5) [63,68]. In LUV567:1, we ﬁnd n in the range from
1.63 to 1.88. Tables 1a, 1b and 1c summarizes the results for all investi-
gated samples. At comparable nominal spin concentration, the H85C
sample and the mixture of the S17C and the S159C variants give rise
to comparably large values in the LUV samples. As expected, n is gener-
ally larger for LUVs of an LPR of 378:1 than for those of 567:1. For all
samples, the number of effectively interacting spins is low enough for
three-spin effects to be negligible [69,70].
In summary, since a large number of spins contribute to inter-
protein distances regardless of the LPR or membrane constitution,
one can safely conclude that a large proportion of MBPs must be
aggregated/self-assembled on the membrane surface.
3.2. Evidence for self-assembly of MBP on membranes
We prepared the samples by adding the spin-labeled MBP to the
pre-formed membrane vesicles, so that the protein was adsorbedﬁrst to the outer vesicle membrane before vesicle aggregation was
possible. Thus, contributions to the distance distribution stemming
from proteins located at opposite sides of the membrane are unlikely,
and can be excluded from the discussion. In fact, we have tested this
proposition by preparing samples of MBP in DSPC/DSPG MLVs, which
would feature a larger membrane thickness due to the longer chain
lengths (2.8 nm vs. 2.55 nm for Cyt-LUVs). We observed no signiﬁcant
changes in the resulting distance distributions when compared with
samples of the corresponding variant in LUVs (results not shown).
The longer chain lengths in MLVs should signiﬁcantly affect the mea-
sured DEER data if couplings across individual lipid bilayers were a
major contribution to the overall dipolar couplings. As this is explicitly
not observed, cross-membrane contributions can be considered negligi-
blewithin the distance range under scrutiny here. As a consequence, the
DEER data here originate solely from the distribution of spin-labeled
MBPs on the membrane surface.
In an abstract and concise way, the lateral distribution (including
multimerization and self-assembly) can be described in terms of the
“projection” of MBPs onto the membrane plane, and the mutual ori-
entations of the projected areas within assemblies. This scenario
holds true provided that a preferred, principal orientation of the pro-
tein with respect to the membrane surface exists. This supposition is
corroborated by previous studies (CW-EPR, solution and solid-state
NMR, and MD), which localize the H85C position in the immediate vi-
cinity of the membrane [35,36,40,67,71]. Provided that all MBP mole-
cules penetrate the membrane to the same degree, the distances of
the same spin label position on adjacent proteins are equal to the lat-
eral distances on the plane. It should be noted that the projected area
is not necessarily equal to the projection of the van der Waals body
(though it could be). For our purpose, it rather corresponds to the
pervaded or occluded area, which cannot be penetrated by a second
MBP due to the presence of the ﬁrst molecule. Here, the term “per-
vaded area” has been chosen in analogy to the term “pervaded vol-
ume” commonly used in polymer science [72]. In an ensemble of
MBPs on a plane, the pervaded area gives rise to an excluded area
from the combination of two pervaded areas of the binding partners.
For virtually any tertiary structuralmodel ofMBP (e.g., Fig. S1), a circular
or elliptical pervaded area would be assumed, and some possible per-
vaded areas are shown in Fig. 6. The pervaded area is a consequence
of the space-ﬁlling of the protein; details of the secondary structure
and tertiary contacts are of secondary importance to this analysis.
The two-dimensional assembly model thus derived is useful when
MBPs are only attached to a single membrane leaﬂet, or when single
layers of MBPs interact with two apposed Cyt-LUV surfaces (Fig. 2A
and C). Note that both these scenarios can occur under the experi-
mental conditions employed here. However, in addition to the
predicted distances, further distances could occur in the latter case
from adjacent MBPs with opposite orientations with respect to the
membrane. The model also applies to the lateral aggregation of stacked
MBPs (e.g., as depicted in Fig. 1J in reference [24], one on top of the
other, or here in Fig. 2B). Here too, additional short distances could
occur normal to the plane, i.e., from spin labels in the vicinity of the
binding side. The self-assembly model includes multimers as long as
each MBP can be viewed as an entity on its own, characterized by
an elliptical pervaded area. In any case, our pulse EPR data provide
evidence that no strong homodimers form (as discussed in Section
S2). A random, disordered structure also cannot be accommodated
within this model, in addition to being in deviance with previous
spectroscopic investigations and the current EPR data.
The primarily structural role of MBP and diverse experimental
data in vitro and in cellulo [32,33,73,23] suggest that the lateral self-
assembly processes are plausible, and our ﬁnding of small distances
in the samples containing single spin-labeled variants is strongly in-
dicative of this phenomenon. From what was known before, it was
by no means self-evident that discrete distances (below 4 nm)
could be observed for the given samples after background correction.
Fig. 6. Elliptical pervaded areas of representative MBP model structures: (A) 1QCL, and
(B and C) average structure (over 15.6 ns) resulting from molecular dynamics simula-
tions starting from 1QCL after updating the primary structure to reﬂect the murine
rmC1 studied here. The N- and C-termini are indicated for all structures. The models
built from panels B and C are referred to as “top-on” and “side-on” in the main text.
The projections of the van der Waals body along the selected axis of the inertia tensor
(assuming identical atom masses) are shown as gray contours. In order to model the
non-speciﬁc association of the peripheral membrane protein MBP, the pervaded area
is modeled by representative ellipses, which are characterized by the aspect ratio, α,
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lecular dynamics simulation of a segment of the double-membrane
(physiological composition) using the AMBER 03 force ﬁeld, indicate
an average surface area of 0.45 nm2 per lipid. Note that due to the
high cholesterol content of the myelin membrane, this is smaller
than the 0.70 nm2 value usually assumed for a pure phospholipid
membrane. Assuming, to ﬁrst order, a hexagonal packing of individu-
al MBPs with a circular pervaded area on a planar surface (packing
density: η=π31 /2 /6), an average center-to-center distance of
12.3 nm results for LUV567:1. Hence, a minimal, average distance of
6.8 nm should be detectable, which signiﬁcantly exceeds the experi-
mental accessible range. However, this simple picture is misleading,
since for a nearly circular object of diameter 5.5 nm (Fig. 6A), no dis-
tances could be observed even if the packing was dense. This surprising
observation results from excluded volume effects, and the fact that any
distance between corresponding points on disks smaller than approxi-
mately twice the radius is, in fact, less likely than the (already compen-
sated) contribution stemming from the homogeneous background. This
phenomenon is evident from the radial distribution functions, g(r), of
circles on a plane (Fig. 7; details are given below and in Section S3).
Even if the spin label is placed at the circumference of the circle, the
ﬁrst local maximum for which g(r)>1 (i.e., exceeding the homogenous
background), occurs for a distance of approximately twice the circle ra-
dius. Thus, no distances within the experimentally-accessible range ofFig. 7. Radial distribution functions, g(r), associated with statistically-distributed hard ellipses.
sects the ellipse (see black dot in insert, according to the nomenclature introduced below s=[
(C) α=2.5. Different colors correspond to different values of the surface density. The respectiv
ratio of the distance, r, to the semi-major axis, a, represents the abscissa.1.5 nm to 4 nm are expected for randomly distributed, circular MBPs
with an outer radius larger than 2 nm, after background correction.
Again, this picture addresses the lateral aggregation scenario. For sta-
cked MBPs, the intra-dimer distance could still be observed (Fig. 6 sug-
gests a height of 2.7–3 nm). Thus, for MBPs on each of the apposed
membrane leaﬂets, distances smaller than 4 nm can occur for sites re-
mote from the surface.
The comparably small distances observed by DEER (in general,
and the H85C samples in particular) can only be realized by some
sort of lateral self-assembly, possibly in combination with compac-
tion of the structure. Taking into account all of our data (see also Sup-
plementary data), we can exclude the inter-penetration of (random
coil) polymer chains and discuss in detail the random self-assembly
of non-circular (MBP) objects on a plane (the membrane). Further-
more, the speciﬁc scenario of tight dimerization of MBPs can be
ruled out (detailed discussion in Section S2). We acknowledge that
the stacking of 2 individual MBPs, probably belonging to apposing
Cyt-LUV leaﬂets (Fig. 2B), cannot be excluded, since the resulting dis-
tances may well be outside the experimental window as already indi-
cated, and further discussed below and in the Supplementary data.
3.3. Concentration of MBP on the membrane surface
We ﬁnd that the DEER distance distribution, p(r), is independent
of the LPR, i.e., of the nominal surface concentration. In particular, vir-
tually the same distributions are observed for the LUV samples with
an LPR of 567:1 and 378:1, although the latter contains 1.5-times
fewer lipid molecules per protein (see Fig. S5; for H85C and S17C in
LUV378:1, short distances up to 2 nm contribute more strongly than
for LUV567:1; the overall picture is the same, however). Furthermore,
the distance distributions extracted for the MLV samples (Fig. S6) re-
semble those observed for the LUVs. Distances around 2.6 nm are di-
minished for H85C in MLVs, such that the distance distribution
appears bimodal in the accessible range from approximately 1.8 nm
to 3.5 nm. This result suggests that the MBP assemblies are formed
spontaneously and are densely-packed, whatever their nature, with
characteristic inter-protein distances being mostly independent of
local protein concentration.
More evidence for self-assembly of MBP on membranes can also be
obtained by determining the local concentration of electron spins, done
here by measuring the contribution of instantaneous spin diffusion to
the phase relaxation time Tm. To this end, the decay of the primary
echo was recorded as a function of the power of the inversion pulse at
constant pulse duration [21,74,75]; see Section S1.3 and Fig. S7 for
more details. The spin concentrations so obtained are summarized in
Tables 1a, 1b and 1c (entry cID). For all samples, the local concentration
signiﬁcantly exceeds (by a factor of up to 15) the nominal concentra-
tions of 0.2 mM, 0.2 mM, and 0.15 mM for LUV567:1, LUV378:1, and
MLV, respectively. Instead, we found 2.4 mM, 2.9 mM, and 1.6 mM (av-
eraged over the investigated variants) for LUV567:1, LUV378:1, and MLV.The distribution functions were evaluated for the point where the semi-minor axis inter-
0, 1]). Here, g(r) is drawn for different aspect ratios, α: (A) α=1 (circle), (B) α=1.5, and
e surface coverage, η, is η=0.3 (blue), 0.4, 0.45, 0.5, 0.55, 0.6, 0.65, and 0.7 (dark red). The
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LUV567:1, although the expected surface concentration was larger by a
factor of 1.5.
3.4. Modeling self-assembly
The conformation of 18.5-kDa MBP within myelin is known to be
dynamic and “fuzzy” [2,4–6,45]. Before this protein's intrinsically dis-
ordered nature was fully appreciated, three-dimensional single parti-
cle reconstruction, in combination with sequence homology analyses,
was used to construct a model of a single 18.5-kDa MBP molecule
(Brookhaven Protein Data Bank, PDB ID: 1QCL; see Fig. S1) [51,52].
Molecular dynamics simulations of this model revealed the formation
of transient α-helices [76], a phenomenon later demonstrated in spe-
ciﬁc segments of the protein by solution NMR spectroscopy [37]
(Fig. 1). Despite several caveats as indicated in the Introduction, the
1QCL model was useful here in providing coordinates of an extended
protein with minimal ordered secondary structure, and thus it repre-
sented a perfectly reasonable starting point to create ellipsoids
(Fig. 6A) to discuss various scenarios of MBP self-assembly in light
of the distance distributions shown in Fig. 5. The atomic details of
the conformation do not appreciably inﬂuence the considerations of
protein–protein packing. Note that the scenario of hard ellipses on
surfaces essentially also includes other models, such as the paperclip
proposed for intrinsically disordered tau protein [77].
Here, the human 18.5-kDa MBP sequence underlying the 1QCL
model was modiﬁed slightly to represent the primary structure of
the recombinant murine 18.5-kDa MBP rmC1 variant under study
(cf., [2,5] for the exact sequences). We then ran all-atom MD simula-
tions on this model of rmC1 with the aim of accessing the degree of
ﬂexibility in the protein given a starting extended structure. This ef-
fort was motivated by the question whether a more compact struc-
ture could result with a statistical packing leading to distances in
the observed range of 2 nm–3 nm for all variants.
The simulation quickly gave way to a more compact, overall more
ellipsoidal, but more S-shaped structure (cf., Fig. S1B). This transfor-
mation resulted from reorientation of the extended regions at both
ends of the protein (simulation time was 22.0 ns). The overall shape
did not vary signiﬁcantly on the length scale of nanometers once
the structure had compacted. For all structures, pervaded areas
were constructed by projection of the van der Waals body on the
membrane leaﬂet. Two representative orientations of the approxima-
tion of an ellipsoidal protein with respect to the membrane were con-
sidered. In the ﬁrst orientation, an approximately elliptically
pervaded area developed with a ratio of semi-major (a) to semi-
minor (b) axes, α, of α=a /b≈2.3 and a=3.5 nm (referred to as
the “side-on” model below) (Fig. 6C). Rotating the protein by 90°
about the semi-major axis, a similar picture ensued (a=3.5 nm,
α=2.7). The second orientation yielded α≈1.4, and a longer semi-
major axis of a≈1.9 nm (“top-on” model) (Fig. 6B).
3.5. A semi-quantitative model for lateral (two-dimensional)
self-assembly of MBP from DEER and MC simulations
We now discuss in detail the statistical self-assembly of MBP on
membranes in terms of a simple, semi-quantitative model. The pro-
jection of the pervaded volume of the peripheral protein onto the
membrane can be approximated by ellipses with aspect ratio α
(Fig. 6). Note again that this assumption implies neither that the
overall shape of the molecule resembles an elliptical cylinder, nor
that the interaction sites at the membrane surface agree in shape
and size with the assumed ellipse. The self-assembly can then be
assessed from the random distribution of these rigid ellipses on a pla-
nar surface.
In particular, points on the model ellipses representative for the
spin label positions were chosen and their radial distributionfunctions, g(r) were evaluated. For every distance, g(r) quantitatively
represents how strongly the local density of spin labels differs from
the average number density. It is apparent that g(r) is equal to zero
for all distances shorter than twice the shortest distance of the label
from the circumference of the ellipse. In addition, the excluded vol-
ume effect gives rise to distances that are less likely than the homoge-
neous background distribution, i.e., distances for which g(r)b1
(Fig. 7). Only peaks in the radial distribution function exceeding
unity are expected to appear in the DEER distance distribution after
background correction. We did not take speciﬁc protein–protein in-
teractions into account, however, allowing for different degrees of
self-assembly by assuming that different surface fractions, η, of the
membrane were covered by the protein pervaded areas. This view
can be reconciled with the existence of multiple, low-afﬁnity (with
respect to lateral MBP association) contact sites that are often postu-
lated for intrinsically disordered proteins, in particular those acting as
hub proteins in interaction networks [78,79]. It has been suggested
that, in combination with high ﬂexibility and the dynamic structure
of intrinsically disordered proteins, any binding site then interacts
with any binding site of the partner with almost equal probability in
a “staccato-like” manner [80].
We have studied the two-dimensional self-association scenarios
with α=1.5 (“top-on”) and α=2.5 (“side-on”) ellipses in detail
(Figs. S8–S10). Even though these model structures are arbitrary
with respect to interaction interface and molecular shape, our lateral
self-assembly model is more general and representative for a wide
variety of different, complex structures and membrane–protein inter-
actions. The only restrictions are the approximately elliptical shape of
the pervaded membrane area, and the absence of speciﬁc binding be-
tween ellipses. The self-assembly model applies to MBP and its (hy-
pothetical, stacked) dimer in the same manner (Figs. 2 and 3B). An
additional distance is expected to contribute to p(r), though one can-
not expect to reproduce the distance distributions beyond semi-
quantitative characteristics due to this simplicity of the projected mo-
lecular shape. However, a qualitative correspondence is sufﬁcient to
differentiate the two scenarios given above, for which the values of
α and a differ vastly. In our view, this simplifying picture of molecular
self-assembly is particularly attractive for intrinsically disordered
proteins, for which their polymorphism, the existence of many bind-
ing sites, and the coexistence of many structural sub-ensembles calls
for a greater level of abstraction than do well-structured proteins.
The detailed description of the MC simulations can be found in the
Supplementary data (Section S3 and Figs. S8–S10). Here, we give a
short summary of the approach and the results for the four MBP sam-
ples with different spin label position. We have evaluated the radial
distribution functions, g(r), of non-overlapping ellipses on the plane
by the Markov chain Monte Carlo approach. Maxima in the DEER dis-
tance distribution p(r) correspond to maxima in g(r) for which g(r)
>1, i.e., which are more probable than the homogeneous background
contribution. The number of maxima in the experimentally accessible
distance range (b4 nm) can serve as a valuable tool when assessing
different models (e.g., those summarized in Fig. 6). Only for a surface
coverage, η, exceeding 55%, does more than a single peak (exceeding
unity) occur in g(r). Since the nominally covered surface fractions
only amount to 17% (Fig. 6A, 1QCL-model), 6.2% (Fig. 6B, top-on),
and 13% (Fig. 6C, side-on), respectively, strong lateral aggregation
(irrespective of the model) is again suggested. Furthermore, the actu-
al peak positions remarkably depend on the observer position, i.e., the
projection of the spin label location onto the elliptical pervaded area.
A detailed analysis of the number of peaks and their positions reveals
that the side-on model (Fig. 6C and Fig. S9) or, in fact, any model with
α=2.5 and a~3.5 nm is incompatible with the observed distance
data. This conclusion can be drawn with conﬁdence as it only relies
on the observation of more than one major distance smaller than
4 nm. On the other hand, for α=1.5 (e.g., the tentative top-on
model) the predictions of g(r) are in semi-quantitative agreement
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of the H85C bound nitroxide moiety is (0.35, 0.65), the two coordi-
nates giving the relative displacement from the ellipse center along
the major and minor axis, respectively. Furthermore, the length of
the major axis is estimated as a~1.4 nm. This value is smaller than
that estimated from the van der Waals body, suggesting a certain ex-
tent of interpenetration. In Fig. 8, a typical pair-correlation function is
plotted and compared to the DEER distance distribution for H85C.
Given the simplicity of the structural and self-assembly models, the
agreement is acceptable. The intensities of the peaks in g(r) differ
from those in p(r). This result is expected, as g(r) for comparability
with p(r) has to be scaled by the volume element of the relevant
space, 2πr dr in two dimensions. In addition, nuclear spin relaxation
inﬂuences the peak intensities in p(r). In principle, the relative posi-
tion of the probe can be determined from the DEER distance distribu-
tion of assemblies based on calculated g(r), but here we approach the
limits of the methods due to experimental limitations and the overly-
simplistic assumption on the molecular shape.
In a similar fashion, the bimodal distance distributions of S17C and
S159C are in line with probe locations centered about (0.3, 0.55) or
(0.4, 0.7). Eventually, the additional short distance observed for the
mixture of S17C and S159C is interpreted in terms of anti-parallel,
densely-packed MBPs. Our Monte Carlo simulations also help illustrate
the lateral self-assembly. Fig. S11 depicts a snapshot of a Monte Carlo
run with a high surface coverage. Such simulations lead to g(r) that
for all the probe locations (labeling sites) are in semi-quantitative
agreement with the measured p(r). More details are given in the Sup-
plementary data, where the possibility of stacked dimers is also dis-
cussed for completeness. In conclusion, we ﬁnd that the lateral self-
assembly could resemble a potential scenario as shown in Fig. 2D. Yet
it should be noted that we do not imply that all MBP molecules are
aligned in antiparallel fashion. The top-onmodel is to some extent rep-
resentative of individual MBPs, but we do not suggest it shares speciﬁc
similarities with the individual MBP molecules assembled on phospho-
lipid membranes. In fact, a multitude of different structures could give
rise to a similar pervaded area. In view of the intrinsically disordered
and fuzzy characteristics of MBP, the simultaneous contribution of an
ensemble of structures is also likely [81,82].
4. Conclusions and outlook
Double electron–electron resonance (DEER) spectroscopy has
been used to determine the distance distribution characterizing theFig. 8. (A) The DEER distance distribution, p(r), for the spin-labeled H85C variant of
18.5-kDa MBP. (B) The radial distribution function, g(r), of hard ellipses with an aspect
ratio of α=1.5 and the observation point located at (0.35, 0.65) in relative coordinates
(packing fraction: η=0.65). The insert shows the ellipse shape and the location
corresponding to the spin-label.mutual orientation of adjacent proteins in locally-enriched regions
of MBP on a membrane surface. Inter-molecular distances as low as
2 nm were observed. Based on the radial distribution functions, the
surface coverage is estimated to exceed 55% even for an LPR of
567:1. This lateral self-assembly could be due to a homogeneous dis-
tribution of interaction sites over the protein surface or entropic ef-
fects, i.e., so-called depletion forces, which essentially rely on the
gain of volume accessible to the solvent accompanying the associa-
tion of nano-objects. In view of MBP being intrinsically-disordered,
structural polymorphism in combination with several interacting
sites could lead to similar two-dimensional assemblies.
We have introduced a simple, abstract model that describes the
non-speciﬁc, lateral self-assembly process in terms of the distribution
of elliptical pervaded areas (hard ellipses) on a two-dimensional sur-
face. The pair correlation functions resulting from these ensembles
were determined by Monte Carlo simulations. Various aspect ratios,
surface densities, and locations of the spin-label within the abstract
protein boundary were considered. Comparing the g(r) values with
the distance distributions extracted from the DEER dipolar evolution
time traces after accounting for a homogeneous two-dimensional
background, we could show that the pervaded volume is character-
ized by an elliptical projection onto the membrane, with an aspect
ratio α of approximately 1.5 and with a longer semi-axis a of approx-
imately 1.4 nm. This conclusion has been drawn without reference to
any detailed structural model of MBP.
The distance distribution observed for a mixture of S17C and
S159C indicates that either both ends of the protein interact with
the membrane (Fig. 2A, C, and D), thereby also giving rise to MBPs
oriented on the vesicle surface in an anti-parallel fashion, or that
stacked dimers exist (Fig. 2B). The invariance of the EPR parameters fa-
vors the monomeric attachment model, however. Due to the different
height of the spin-label with respect to the membrane (or lateral dis-
placement in case of stacked dimers), these contributions only show
up in the mixed sample and are not observable for the samples of
pure variants within the distance range from 1.5 to 4 nm. We are cur-
rently analyzing doubly spin-labeled rmC1 variants by the EPR ap-
proaches described here to elucidate the conformation and stacking
order of the protein. Our approach used here, combining local informa-
tion from DEER with a simple and coarse-grained view of distributions
of model objects in MC simulations, can be used to study the lateral
(two-dimensional) self-assembly properties of other complex protein
aggregates on membranes.
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